Limited information is available on trait relations and profiles of white lupin landraces in tropical growing conditions including Ethiopia. The objectives of this study were to understand the relationships among traits, and to document trait profile of Ethiopian white lupin landraces. As a component of this study, two sets of experiments were conducted. The first comprehensive experiment that consisted of 143 accessions collected from major lupin growing areas of Ethiopia was evaluated at Merawi and the second experiment that consisted of 12 selected accessions was evaluated across six locations. In both experiments, significant variations were observed among the accessions for most studied traits. Higher heritability and genetic advance as percent of mean was observed for grain yield, indicating the possibility of improving this trait through selection. Genotype by trait biplots captured 55% -66% of the variations due to genotype by trait interactions. Trait association and trait profile biplots were constructed for highland, mid altitude and low land environments, and across all locations. Different patterns of associations and genotype (accession) by trait interactions were observed in different environments. However, genotype by trait biplots consistently indicated that grain yield had positive associations with most of the traits; especially, with number of pods per plant, plant height and seeds per pod. The study identified some accession with desirable performances as good for specific trait and/or trait groups that could be considered as sources of genes for the traits they have best performed. G8 consistently showed higher grain yield, G2 had higher number of branches and higher number of seeds per plant, G7 had more number of pods per plant and larger seed size and G4 produced longer pods. The accessions used in this study were found to be useful sources for genetic variability for future breeding that targets to improve grain yield and other agronomic traits of white lupin in Ethiopia.
Introduction
Most challenges in plant breeding can be summarized into two main categories. One is genotype-by-environment interaction on key traits, and the other is undesirable associations among desired traits (Yan, 2014) . Genotype evaluations on the basis of multi-environment trials and multiple traits are important components in plant breeding (Yan et al., 2000; Yan and Rajcan, 2002) . Effective interpretation and utilization of the multi-environment trial data based on multi-variate considerations are very crucial at all stages of plant breeding. Yet, accurate estimation, interpretation, and decision making of such data remain a major challenge to breeders (Yan and Rajcan, 2002) . Interrelationships among specific breeding objectives mostly impact choice of selection and breeding methods. If all breeding target traits were either positively correlated, or independently inherited, selection would not be much more difficult than selecting for a single trait. However, strong negative correlations between key traits often exist, which make breeding and selection very challenging (Lewis, 2006) . Understanding of the genetic variations between and within populations is key for any breeding strategy (Xiao et al., 2008) , and it is important to ascertain the variations available in terms of agronomic and plant structure traits (Rubio et al., 2004) . Heritability of a trait is important in estimating its response to selection, and genetic improvement of quantitative traits requires reliable estimates of heritability. It estimates the relative magnitude of genotypic and phenotypic variance for the trait and gives an idea of the total variation accounted to genotypic effects (Allard, 1960) .
Numerous methods have been used to understand trait relations and overall genotype profile of different crops. Recently, a genotype by trait (GT) biplot, which is an application of the GGE biplot technique, is becoming an effective tool for exploring multi-trait data (Yan and Kang, 2003) . It graphically displays the genotype by trait table as a biplot, and allows the visualization of the associations among traits across the genotypes (Yan and Rajcan, 2002) , and trait profile of the genotypes (Ma et al., 2004; Rubio et al., 2004; Yan and Frégeau-Reid, 2008; Yan and Kang, 2003) . It also provides information on the usefulness of cultivars for production as well as generates information that helps to detect less important (redundant) traits, and identify those that are appropriate for indirect selection for a target trait. The GT biplot has been utilized to study trait relations and genotype evaluation in several crop species including soybean (Yan and Rajcan, 2002) , white lupin (Rubio et al., 2004) , common bean (Hirpa et al., 2013; Gonzalez et al., 2006) , cowpea (Oladejo et al., 2011) , durum and bread wheat (Akcura, 2011; Reza et al., 2011) , and aromatic peppers (Abu et al., 2011) .
White lupin is a promising leguminous crop for human consumption, green manuring, forage and has substantial importance in human nutrition and health (Hall, 2005; Lqari et al., 2005; Johnson et al., 2006) . It has been traditionally cultivated for several thousands of years in the Mediterranean region, and along the Nile valley where it has been originated (Kurlovich, 2002; Wolko et al., 2011) . It is produced in Ethiopia exclusively by smallholder subsistence farmers, mainly for its food grain and soil fertility maintenance values (Atnaf et al., 2015a; Yeheyis et al., 2010) . The local varieties being used by farmers have several undesirable characteristics, such as low yield potential, susceptibility to major diseases (Atnaf et al., 2015b) and high contents of alkaloids (Yeheyis et al., 2012) . Therefore, there is a need to develop well adapted white lupin varieties with farmers' preferred traits including high grain yield, low alkaloids level and resistant to major lupin diseases.
Significant intra-specific variations were reported among Ethiopian white lupin landrace accessions (Atnaf et al., 2015b) and also among accessions from other parts of the world (Raman et al., 2014; Rubio et al., 2004) for grain yield, disease resistance and other important agronomic traits. Several researchers studied the relationships among agronomic traits in white lupin (Annicchiarico et al., 2010; Gonzalez-Andres et al., 2007; Rubio et al., 2004) . The results of these studies indicated that the relationships among white lupin traits are consistently influenced by the unpredictable conditions of the growing environments. Thus, genotype selection should be based on multiple trait data in variable environments within the target regions. However, little is known about trait relations and trait profiles of white lupin genotypes in tropical growing conditions including in Ethiopia. The objectives of this study were two folds:1) to understand the relationships among traits in Ethiopian white lupin landraces, and (2) to assess trait profile of Ethiopian white lupin landraces. The information generated would be used to design improvement strategies of white lupin in Ethiopia that focus on grain yield and other important agronomic traits.
Results and Discussion
Significance differences were observed among the Ethiopian white lupin landraces for the 10 agronomic and phenological traits studied except for pod diameter in the first experiment. Details of analysis of variance and mean performances of these landraces were previously reported by Atnaf et al. (2015b) . Hence, this paper mainly focuses on the study of trait relationships, and trait profiles, inheritance and gain from selection among Ethiopian white lupin landraces evaluated under two sets of experiments.
Estimates of variance components, heritability and genetic advance
Phenotypic coefficients of variations (PCV) were higher than genotypic coefficient of variation (GCV) for all traits studied in both experiments (Table 1 a & b) . The differences between PCV and GCV were accounted to the environmental conditions under which the genotypes were grown. The extents of the difference between PCV and GCV indicate degree of environmental influences on the traits. The difference ranged from 0.61 in days to maturity to 8.42 in number of pods per plant which indicate significant environmental influence on the expression of number of pods per plant; whereas it was negligible for days to maturity. Very similar results were observed in the focused experiment executed across six different locations in Ethiopia (Table 1b) . For the comprehensive experiment, phenotypic variability ranged from 3.87 for days to maturity to 17.66 for grain yield while it ranged from 0.86 to 34.61 in the focused experiment for the same traits. Genotypic variability ranged from zero for pod diameter to 13.05 for grain yield in the comprehensive experiment and from 0.68 for physiological maturity to 20.6 for grain yield in the focused experiment.
Estimates of broad sense heritability ranged from near zero for pod diameter to 85% for days to flowering for the comprehensive experiment (Table 1a ). For the focused experiment, it ranged from 35% for pod diameter to 77% for days to flowering (Table 1b) . Of the studied traits, days to flowering and maturity, and grain yield consistently exhibited high heritability in both experiments. Annicchiarico et al. (2010) reported high heritability for flowering time. High heritability indicates high proportion of genetic variance that could be inherited, and would be exploited by breeders to select superior genotypes based on phenotypic performance (Peter et al., 2008; Tazeen et al., 2009) . Plant height showed moderate to high heritability for both experiments. Number of branches on the main axis, hundred seed weight, number of seeds per pod and pods per plant, and pod length showed moderate heritability, which depicts considerable influence of environment on the expressions of these traits. Contrary to the current findings, Annicchiarico et al. (2010) reported high broad sense heritability for seed weight in European white lupin genotypes. Heritability of pod diameter was zero for the comprehensive experiment, and low for the focused experiment, indicating the predominance of environmental effects more than that of genetic effects for the trait.
Estimates of genetic advance as percent of mean were high only for grain yield in both experiments; moderate to high for pods per plant (Table 1 a & b) . Days to flowering, plant height, hundred seed weight and number of branches on the main axis had moderate (>10 %) genetic advance for the comprehensive experiment, but low for the focused experiment; whereas all the other traits had low level of genetic advance in both experiments. Since high heritability does not always guarantee high genetic gain from selection, heritability should be considered combined with genetic advance in predicting selection for superior genotypes (Ali et al., 2002; Singh, 2000) . In the present study, high estimate of GCV, heritability and genetic advance as percent of mean were observed only for grain yield while moderate heritability and genetic advance as percent of mean were observed for hundred seed weight, plant height and pods per plant. High heritability but low genetic advance as percent of mean were observed for days to flowering and physiological maturity; whereas moderate heritability and low genetic advance were realized for number of seeds per plant, pod length and number of branches on the main axis. Panse (1957) stated that high heritability coupled with high genetic advance indicates the additive gene effects while high heritability coupled with low genetic advance indicates the non-additive gene effects for the control of a particular character. Accordingly, the presence of high estimates of GCV, heritability and genetic advance as percent of mean for grain yield in this study indicate the preponderance of additive 53.83 DF=Days to 50 % flowering; DM= Days to 95 % maturity; BR= Number of primary branches on the main axis; PH=Plant height in centimeter; PD= Pod diameter in millimeter; PL= Pod length in millimeter; PP=Pods per plant; SP=Seeds per pod; SW= 100 seed weight in gram; GY= Grain yield in ton per hectare; PCV= Phenotypic coefficient of variation; GCV= Genotypic coefficient of variation; GAM= Genetic advance as percent of mean. additive gene action in governing the expression of the trait and consequently high expected genetic gain through selection. High estimates of heritability and low genetic advance observed for some of the traits suggest the presence of non-additive gene action and/or significant genotype by environment interaction in the expression of the traits that will make selection difficult for the improvement of these traits. Several researchers reported similar results to the present finding on different legume and other crop species, such as mungbean (Payasi, 2015) , soybean (Malek et al., 2014) , cowpea (Ajayiet al., 2014), ricebean (Geeta et al., 2015) , and barley (Dyulgerova and Valcheva, 2014) .
Trait relationships and trait profiles in white lupin landraces
Different trends of trait associations and trait profiles were observed under different environments due to genotype by location interaction effects, as depicted by the GT biplot for different locations in this study (Fig 1a -e) . Annicchiarico et al. (2010) reported similar finding in white lupin accessions evaluated in Italy and France. The important question here is, which of the biplots should be chosen? The biplot in Figure  1e , for example, may be regarded as an integration of the GT patterns from all trials conducted across location, but it is not 100% true to any of the single location trial. These conflicting patterns were caused by, and were an indication of, genotype by location interactions. In such cases, GT data analysis by mega-environment could be a solution (Yan, 2014) . Thus, the GT biplots that reveal trait relationships and trait profiles of white lupin landraces used in this study are presented and discussed following altitude based megaenvironments. GT biplots in this study captured 55% -66% of the variations due to genotype and genotype by trait interactions. As previous report by Yan and Rajcan (2002) , this result reflects the complexity of the interrelationships among the measured traits. Nevertheless, the fundamental patterns among the traits could still be captured by the biplots (Kroonenberg, 1995) . Similar results were reported by Rubio et al. (2004) for white lupin accessions evaluated in Spain. In the biplot, the cosine of the angle between two traits approximates the correlation between the traits; and hence associations among traits could easily be visualized from the biplot. Two traits are positively correlated if the angle between the vectors is acute (<90°); negatively correlated if the angle is obtuse (>90°); and not correlated if the angle is right angle (Yan and Tinker, 2006) . These associations could be confirmed from Pearson correlation coefficients between any two traits (Table 2) . However, some discrepancies might be expected as the biplots explained only 55 -65 % of the variations attributed to the genotype and genotype by trait interactions. In higher altitude locations (Injibara and Debre Tabor), grain yield had strong and positive association only with plant height; positive relationship with seeds per pod, pods per plant and pod length; and positive but weak associations with pod diameter and days to flowering as revealed by the acute angles between the vectors of these traits (Fig 1a) . Results of Pearson correlation coefficients showed similar relationship among these traits (Table 2a) . On the other hand, grain yield had significantly negative correlation with days to maturity and hundred seed weight. In agreement with the current study, Rubio et al. (2004) reported positive associations between grain yield and plant height in white lupin genotypes evaluated in Spain. Traits that had strong positive associations have a tendency to discriminate accessions in similar fashions, whereas traits with negative associations have a tendency to discriminate accessions in opposite direction.
At mid altitude environments (Fenote Selam and Merawi), however, grain yield had positive associations with all measured traits, with relatively stronger relationship with hundred seed weight, pods per plant, branch number and plant height (Fig1b; Table 2b ). In the comprehensive experiment, similar associations were observed between grain yield and most other traits ( Fig 1c; Table 2b ). However, grain yield had negative relationships with phenological traits (days to flowering and days to maturity) and branch number on the main axis. This could be due to an excessive and extended rainy period occurred at Merawi during the experimentation, which significantly delayed the flowering and maturity period. Grain yield had strong and positive relationships with plant height, pods per plant and branch number on the main axis in the low altitude environments (Dibate and Mandura). On the other hand, grain yield was negatively associated with hundred seed weight, days to flowering and pod diameter (Fig 1d; Table 2a ). Strong positive relationship between grain yield and pods per plant was previously reported in white lupin genotypes (Huyghe et al., 1990) .
Trait relationships based on data averaged over six locations for the focused experiment revealed that grain yield had positive relationship with all traits measured except with days to maturity, pod diameter and hundred seed weight (Fig  1e; Table 2c ). Although the GT biplot captured most important relationships, it did not entail all the associations that have been apparent between traits in the respective mega-environments. Hence, it is advisable to consider trait associations under the context of mega-environments as presented in this paper. The inconsistencies in associations of some of the traits over different environments might be due to environmental effects and genotype by environment interactions. The length of the trait vector projected from the origin shows the ability of the traits in discriminating among accessions. Traits with longer vectors do have high discrimination power and vice versa. Thus, grain yield and most agronomic traits had longer vectors, and hence high discrimination power. Whilst pod length and number of branches on the main axis consistently showed shorter projection of vector in all environments; and days to maturity, days to flowering, 100 seed weight and seeds per pod had shorter vectors in some of the environments. This indicates the inability of these traits to discriminate among the accessions in the respective environments.
A genotype may be regarded as a package of traits; genotype evaluation must be based on multiple traits that are considered as breeding objectives (Yan, 2014) . In the focused experiment, the genotypes were evaluated for multiple traits across locations and a polygon view of the which -winswhere biplots of GT were constructed based on mean values of the traits (Fig 2a-e) . The biplots identified the best accession (s) for specific trait or group of traits. Accordingly, landraces G1, G2, G6, G8, G9 and G11 were vertex genotypes; and hence, were the most responsive in high altitude environments (Fig 2a) . Vertex accessions show higher values for the traits that fall within the same sector in the biplot (Yan et al., 2007) . Hence, in the highland ecology, G1 and G8 had the higher grain yield; G2 had the highest number of pods per plant and longest pods; G6 had the highest number of branches and was the latest in flowering; G9 had the heaviest seed weight and was the latest in maturity; and G11 had wider pod diameter than the other accessions. However, GT relationships observed in the highland ecologies were not consistent with the relationships observed in other ecologies. For example, in the mid-altitude ecology (Fig 2b) , G2 had the highest mean values for seven out of the 10 measured traits, except for days to maturity, pod length and diameter. In contrary, G11 had the lowest performance for all the traits considered. In the low altitude environments, G2 and G8 showed desirable performances for grain yield, pods per plant, plant height and branch number whereas G7 had higher number of seeds per pod, larger seeds, and longer pods but flowered late. G2 showed taller plant height, higher number of branches, and higher number of seeds per plant but delayed in flowering. G8 had the highest grain yield and number of pods per plant. G7 had more number of pods per plant and larger seed and G4 produced longer pods and matured later whereas G11 had lower values for all the traits measured. The polygon view of the genotype by trait biplot for the data combined across locations ( Figure  2e) showed that accessions G8 and G2 had higher grain yield, whereas G11 followed by G9 and G4 had lower grain yield. G8 also showed better grain yield in the highland (Figure 2a ) and lowland (Figure 2d ) ecologies, indicating the inherent higher yield potential of these accessions. Hence, G8 could be recommended for further exploitation in the breeding programs. Figure 2c presents trait profiles of 143 white lupin landrace accessions evaluated at Merawi. The biplot gave more opportunity to assess which accessions were good for which trait (s) that would help as excellent baseline information for white lupin improvement in Ethiopia and elsewhere. This biplot is divided into 10 sectors; out of which three sectors are without traits. Sectors without traits indicate that the accessions falling in these sectors including the vertex accessions, for instance Acc55, Acc102 and Acc30, had low values for all the traits studied. On the other hand, sectors in which both accessions and traits fell could clearly and visually depict the best accession for each trait. For instance, accession (Acc119) is the vertex accession in the grain yield (GY) sector and hence the accession was the highest yielder, and Acc103 had more pods per plant (PP) and the tallest plant height (PH) in that particular sector.
Materials and Methods

Germplasm
Two independent experiments were conducted under this study. The first one, which is a comprehensive experiment consisted of 143 Ethiopian landrace white lupin accessions and one narrow leafed lupin genotype introduced from Germany. The Ethiopian landraces used in this study represent almost 50% of the total collections conserved at the Ethiopian Biodiversity Institute (EBI). The accessions were mainly collected from northwestern Ethiopia; viz, Gojam and Gondar, while few accessions were included from Southern and Northern parts of Ethiopia. Detail descriptions and passport data; and map of collection area of the accessions are provided as Supplementary Table 1a and Supplementary  Figure 1 . The second experiment focused on 12 white lupin landrace accessions (Supplementary Table 1b) selected from the first experiment based on desirable performance for grain yield and resistance to major lupin diseases such as lupin rust, pleiochaeta root rot, brown leaf spot and phomopsis (Atanf et al., 2015b) .
Experimental design and field management
The comprehensive experiment was executed at Merawi, North western Ethiopia during 2013/2014 season with supplemental irrigation. Detail description of Merawi experimental location is given in Supplementary Table 2 . The experiment was laid out in a 12 x 12 simple lattice design. Each plot consisted of two rows of 2.5 m length with spacing of 75 cm and 25 cm between rows and between plants, respectively. The seeds were hand planted in rows. As there is no research recommended fertilizer rate for white lupin growing in Ethiopia, fertilizer was not used for this experiment. Supplementary irrigation was applied as necessary. Other agronomic management and crop protection practices were applied uniformly to all the plots during the period of experimentation. The focused experiment was conducted in the main season of 2014/15 over six locations; namely, Debre Tabor, Injibara, Merawi, Fenote Selam, Dibate and Mandura. These locations represent major lupin growing areas of Ethiopia. Detail descriptions of the test locations are presented in Supplementary Table 2 .
Completely randomized block design with four replications was used for this experiment. Each experimental unit consisted an area of 15 m 2 (5m x 3m) with similar intra-row and inter-row spacing with the comprehensive experiment. Planting, fertilization, agronomic management and crop protection practices used were similar to that of the comprehensive experiment.
Data collection
For both experiments, data were recorded for grain yield and agronomic traits. Grain yield was recorded on plot basis in grams, and adjusted to 14% moisture content and expressed as tons per hectare (tha -1 ). Hundred seed weight (gm) was determined using random seeds from each experimental unit after grain moisture content was adjustment to 14%. Number of days from emergence to 50% flowering and 75% physiological maturity were recorded as days to flowering and days to maturity, respectively. Number of pods per plant, number of branches on the main axis and plant height (cm) were recorded as the average of five randomly selected plants per plot. Five randomly selected pods from each of these plants were used to record number of seeds per pod, pod length (mm) and diameter (mm).
Data analysis
All the data collected were checked for outliers and normality of residuals using Breeding View of Breeding Management System before proceeding to any subsequent analysis (BMS, 2015) . Consequently, an outlier accession (Acc144), which was found to significantly affect the result was excluded from the subsequent analyses of the comprehensive experiment. The same software was used to generate adjusted mean values for all the traits using best linear unbiased estimators (BLUE). Phenotypic and genotypic coefficients of variations, genetic advance as percent of mean, and heritability in broad sense were estimated using the formula suggested by Singh and Chaudhary (1985) as follows:
where,  2 p and  2 g are phenotypic and genotypic variances, respectively; PCV and GCV are phenotypic and genotypic coefficients of variation, respectively; ̅ is the grand mean; H is the broad sense heritability; GAM is genetic advance as percent of mean;  p is phenotypic standard deviation; and K is selection differential at 5% selection intensity (2.06).
For the interpretation of genetic parameters, heritability values were categorized as suggested by Robinson et al. (1949) : 0 -30% as low, 30 -60% as moderate, and >60% as high. The values of GAM were categorized as recommended by Johnson et al. (1955) : 0 -10% as low, 10 -20% as moderate, and >20% as high.
Adjusted mean values of the traits were used for the analysis of genotype by trait and trait associations. The adjusted mean values were standardized to mean zero and unity variance in order to minimize biases due to differences in scales of measurement. To display the genotype by trait two-way data in a biplot, the formula suggested by Yan and Rajcan (2002) was used:
where, T ij is the average value of genotype i for trait j, T j is the average value of trait j over all genotypes, s j is the standard deviation of trait j among the genotype averages; i 1 and i 2 are the first principal component (PC1) and the second principal component (PC2) scores, respectively, for genotype i, J1 and  J2 are the PC1 and PC2 scores, respectively, for trait j, and  ij is the residual of the model associated with the genotype i and trait j. Equation [6] is a principal component analysis of standardized data with two principal components. Because different traits use different units, the standardization is necessary to remove the units.
PC1 and PC2 must be scaled so that the one value is symmetrically distributed between the genotype scores and the trait scores. A GT biplot is constructed by plotting the PC1 scores against the PC2 scores for each genotype and each trait. To display the PC1 and PC2 in a biplot, the  values in Equation [6] above are absorbed into the genotype and trait scores so that the equation is written as:
In addition, Pearson correlation coefficients were computed using GGE software to augment the trait relationships visualized in the GT biplot. Moreover, GT analysis was done following mega-environments classification approach. A mega-environment is a sub-region of a crop species' growing region within which the same or similar genotypes perform best (Gauch and Zobel, 1997) . Understanding the megaenvironment constitution of the target region for a given crop is a prerequisite for determining proper strategies of genotype evaluation and cultivar recommendation.
Conclusion
Significance differences were observed for most traits among the white lupin accessions used in the current study, indicating the presence of considerable amount of genetic variations among Ethiopian white lupin local accessions. The study revealed high estimates of GCV, heritability and genetic advance as percent of mean for grain yield which indicates the possibility of improving this most important trait through selection. Trait associations and trait profiles were found to be different for different environments due to genotype by location interactions. Analysis of trait relationships and trait profiles based on averaged data over all locations captured most important relationships and trait profiles, though it did not entail all the associations and profiles apparent in the respective mega-environments as the biplots explained 55% -66% of the variations. Nevertheless, the current results indicated the need to consider trait associations and trait profiles under the context of different mega-environments. GT biplots were found to be effective to reveal and visualize important relationships among attributes and trait profiles of Ethiopian white lupin landraces for ease multi-variate selection.
